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* Introduction
» quantum matter
» topological insulators
» Interacting topological systems

* f-electron quantum matter
» Electronic structure and topological classification of
PuB,
» Electronic structure of Ce;Pt;Bi,/Ce;Pd;Bi, family of
heavy fermion systems
» Electronic structure of CeBi

* Summary



Quantum Materials Matter
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* Before 1980’s, condensed matter systems
describable by Landau-Ginzburg paradigm:
symmetry breaking and order parameter

» Magnetism
» Conventional superconductivity/superfluidity

* Starting from strongly correlated electron
systems in 1980’s, the concept of QMs has
now a broader scope, described directly by
electron wavefunction and topology

High-temperature superconductors

Quantum Hall effect systems

Topological insulators

Weyl semimetals

Quantum spin liquids

Graphene

2D Transition-metal dichalcogenides
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* QMs with plethora degrees of freedom and

functionality
» Test ground of fundamental physics (Dirac
fermions, Weyl fermions, Majorana fermions)
» huge potential for technological applications



In what ways matter can become ordered?

* Landau paradigm
Crystals

Magnets Superconductors

* Beyond Landau paradigm

Quantum Hall States

Topological

Quantum Spin Liquids Insulators




Topology

Branch of mathematics concerned with geometrical properties of
objects

Integer topological invariant called the genus g, essentially the
number of holes

* Objects with the
same g number
are topologically
equivalent




Towards Topological Insulators
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3D Topological insulators

* Four Z, invariants needed to identify the 3D TIs

PH(k)P™' = H(-k),
E,(~k)=E, (k)

Pk, =k ,k,=0,mod(G)+ 7
Pwm(kO):gm(kO)Wm(kO)’
gm(ko): +1

(b)

Ficnumny) = (miby + mby + mb3)/2 @ time-reversal invariant momentum

(—1)V0 — 8n1n2n3’
gl —> vo; (V1v,73)

— V- —
( 1) =123 = 6”1”2”3'

Fu, Kane, and Mele, Phys. Rev. Lett. 98, 106803 (2007)



Prediction and Discovery of 3D Tls

Parity analysis at the symmetry k-

p Oint14 occupied bands; 1 unoccupied band

SbpSes |+ — 4+ — + — 4+ — 4+ — + — ——;+|(+)

SbyTes [+ —+—++—+—+—— —+—|(-) @
BiSe; |+ —+ —+—+—+—+——+;—|(-)

BiTes |+ —+ —+ —++—+———+;—|(-)

* Slab band structures
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Energy (eV)

Zhang et al. Nat. Phys. 5, 438 (2009)

¢ DFT calculations analyzed

topological classification and
surface band structure
Angle-resolved photoemission
measurement observed the Dirac
cone in B1,Se;.
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Xia et al., Nature. Phys. 5, 398 (2009)



Band topological insulators are important class of

quantum materials with the existence of protected
surfaces states. Popular!

7Correlation

e Topological Kondo insulators
¢ Quantum spin liquid

They are rare!

f-electron
5 58 59 60 61 62 63 64 65 66 67 68 66 T0 n
La Ce Pr Nd Pm | Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
lanthanum corum jpraseodymium | necdymium | promethium | samanum eurcpium gadolinium terbium dysprosium halenium erbium thedium yortium Iutesum
80 a0 a 82 a3 ' “‘:‘" ‘;“ "‘:“‘ :7 “ ':“ ‘:l: 101 ’;;‘ 1:):
Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
acuniam thonum protacsnium wanum neptuniam pltonium amencium aurnum berkafium calfornium | elnsseinksm mendelovium | nobelum lawrercim
3204 104 238 0




f-electron quantum materials are functional materials

e d-electron materials
s Cuprates, e.g9., YBCO (superconductivity -- energy efficiency),

= Manganites, e.g., LM(W - information

® lanthanides, e.9., CQN\Co;(hnvymwuvdy energy
efficiency);

. moo UQO; (nuclear fuel rod -- energy generation), PuCoGas
(heavy fermion superconductivity -- energy efficiency).




Co-design approach to f-electron quantum materials

J—
S time-averaged
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Characteriztion

LANL HPC-Institutional Computing



Heavy fermion systems
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Kondo insulators

* Kondo insulators a direct consequence of electronic
correlations

conduction band

* Hybridization between the
localized state and conduction
electrons

localized states

* Chemical potential is located
inside the hybridization gap

<Y

€

* Kondo insulators potentially
tOpOlOglcal localized states i conduction band
. N

S 4



Topological Kondo insulators

* Periodic Anderson lattice Hamiltonian
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Dzero et al. PRL 104, 106408 (2010)



TKI candidate: SmBg

® Symmetry analysis of the DFT band structure
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* Existence of surface states explains the

2. Slab calculation shows Dirac cones. saturation of resistivity in SmBg
Takimoto, JPSJ 80, 123710 (2011)



PuBg predicted TKI

e (Cubic structure
a. Pu atoms are located at the corner.
b. 6 boron atoms form an octahedron at the center.

0.04

0.02

Energy (eV)

* Similarity to SmBg 0.04
a. Same structure

b. Same valence state is expected.
* Even stronger SOC

Deng et al., PRL 111,176404 (2013)

* Our goal — Search for 5f-electron topological Kondo insulators
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PuB, crystal structure

* Tetragonal structure (four formula units in the crystal unit cell)
* RB, is often generated in synthesis of RB.
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Chot, JXZ et al., Phys. Rev. B 97,201114(R) (2018)



Spin-orbit coupling effect on PuB,

0.6
— — Pudw/ SO
% - Pudw/o SO
~ 0.3
172}
o
S
& 0.0
@ -3 -2 -1 0 1 2 3
~—
<
= e
q(f. 20 Pufw/ SO
o) — Pufwlo SO
2
Z 10
5}
a

—

==
1x1x10 supercell B /_‘m

Chot, JXZ et al., PhyS. Rev. B 97, 201114(R) (2018) One Dirac cone at I”



Correlation effect on the gap

* In SmB6, it is understood that the strong electronic correlation
renormalizes the theoretical band gap down to the experimental value
without changing the topology.

* DFT+DMFT method: On-site Coulomb interaction (£?, F¥, F*
included) is added to the Pu-5f electrons.

» Gives no moment, consistent with experiments in PuB,.

Correlation effect on the gap size

U (eV) 0 3.5 4.0 |4.5 |Experiment

gap size (meV)|253.6(15.2(13.2(10.3|35

¢ The DFT+DMEFT band gap is reduced by one order of magnitude
relative to the overestimated DFT band gap. The correlation reduces
the gap, supporting the notion that electronic correlations play an
important role in PuB,.

¢ Insulating phase is maintained throughout the entire range of U-
strength, the robustness of the nontrivial topology is presumed.

Choi, JXZ et al., Phys. Rev. B 97,201114(R) (2018)



Weyl semimetal?

 Bulk states:

« Bands touch on gapless manifold ___*S0C

< . ; : +Inv
Fermi surface +TRS '

 Surface states: +Rof
Dirac line SM

)¢

* Fermi arcs, drumhead, etc.
* How to get topological metals?
«  Crystal symmetry > degeneracy S~ 'HS = H
* Band inversion: spin orbit coupling,

strain, relativistic effects, etc. - ~

* Tune with time-reversal symmetry,
inversion symmetry breaking

Dirac point SM

+TRS +Rot -Inv | +Inv +Rot -TRS

Weyl SM Weyl SM

Yang et al., Adv. Phys.:X 3, 1414631 (2018)



Material candidates for Weyl semimetals

A Broken inversion
symmetry
TaAs

® Ta/Nb
® As/P Mirror planes

Weng et al. Phys. Rev. X' 5,011029 (2015)
Armitage et al. Rev. Mod. Phys. 90,015001
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L Broken time-reversal
symmetry
Co3Sn,S,

Morali et al., Science
365, 1286 (2019)

Liu et al., Science
365, 1282 (2019)
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Candidates of other exotic state: Kondo Weyl
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Visualization of Kondo insulator gap opening in Pt334

Kondo gap forming: 36 ~ 72 K

A~ 6meV @ 18K, m*/m=Z1~ 26 @ 18K
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r H N r P
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e Pt334: trivial Kondo insulator
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Cao, Zhi, JXZ, Phys. Rev. Lett. 124, 166403 (2020)



Temperature dependence of electronic structure in

Pd334 (LDA+DMFT)

Pd343 290K Full
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+ No hybridization gap down to 4K K-points (1/4-3&,1/4+&,1/4+8)
+ Ce-4f never coherent; coherent ligand states remain coherent

Cao, Zhi, JXZ, Phys. Rev. Lett. 124, 166403 (2020)




CeBi: A magnetic Weyl semimetal

CeBi (H,T) phase dirgram

CeBi
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Bartholin et al., J. Physique, C5-30 (1979).



Fermi arcs on (010)-oriented surface

E,, = 15meV

L Spin- and orbital-resolved surface
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Huang, JXZ et al., Phys. Rev. B102, 235167 (2020)



Spin texture of (010)-oriented surface

o, projection of surface spectral function

L Schematic of spin texture for top
and bottom surface in Brillouin
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Spin-polarized Fermi arcs and a spin
vortex

** An important symmetry: C,, T
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Huang, JXZ et al., Phys. Rev. B102, 235167 (2020)



Quasiparticle interference of (010)-oriented surface

L QPI spectra with five U scattering between the dependent QPI

main features Fermi arcs, spin vortex,and - - - - - - - - - -
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* PuB, 1s a strong topological insulator.
» PuB, shares many similarities with SmB,, but with a
larger energy scale.
» Correlation effects are important for gap renormalization
* Topology in Ce-based 4f-electron systems
» Pt334 is a trivial Kondo insulator
» Pd334 is a nodal-line Kondo semimetal
» Hybridization (Pt-5d vs Pd-4d) tuning is dominant
mechanism

* (CeBi1s a magnetic Weyl semimetal
» Fermi arc signature in ARPES and STM

f-electron quantum materials provides a powerful material
platform to explore exotic states from the interplay of
electronic correlation and topology
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* Dirac equation for spin-% particle (yr. 1928)

[}/“pu + m}‘lJ =0,

o | I 0 i 0 (o)
Pauli Dirac

* Weyl equatlon for massless spin-1/2 particles (yr. 1929)
“* Massless fermions with chirality

[7 pu—m}‘l’—O,pﬂ—( —p) =) O-pyY,=Ly,
S i e

¢ Existence of antiparticles

o' 0 Hermann Weyl

* Majorana equation for massless spin-1/2 particles (yr. 1937)

% . . . .
[_ iv'p, +m]\{, _o, Fermion its own antiparticle
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